Active magnetic bearings (AMBs) are often used to mitigate vibrations in turbines, compressors, machining spindles, etc. However, rotor-AMBs are inherent open-loop unstable systems, and hence it is an urgent yet challenging task to stabilize rotor-AMBs with external disturbances. A dual-mode predictive flexible rotor controller is developed hereby for a rotor-AMB system with input constraints. The method is afterwards proved to be capable of enlarging the region of attraction, and hence can effectively mitigate more-intensive vibrations excited by external disturbances, which is desirable in real applications. Finally, experiments are conducted on the rotor-AMB system to show the effectiveness of the proposed dual-mode predictive controller.
Introduction
Recent years have witnessed the emergence of applying Active Magnetic Bearings (AMBs) to a large variety of industrial rotating machineries (Knospe 2007 ), e.g. AMB-supported turbines, compressors, machining spindles, etc. AMBs have several advantages over conventional rolling element bearings for machining processes, such as higher rotor speed, adaptive balancing, stiffer spindle and reduced compliance (Fittro and Knospe 1999) , which result in a more stable machining process with smaller rotor vibrations.
However, rotor-AMB systems are inherently openloop unstable (Schweitzer and Maslen 2009 ). Thus, more and more effort has been recently devoted to develop vibration-mitigating controllers to stabilize the rotor-AMB systems. For example, Maslen and Sawicki designed a -synthesis control approach to reject external disturbances of a flexible rotor-AMB system (Maslen and Sawicki 2007) . Later, Mushi et al. proposed an H 2 -LQG robust control approach to overcome crosscoupling stiffness often encountered in industrial rotor-AMB systems (Mushi et al. 2008) . Following this research line, Kang et al. developed an H 1 controller for a four-axis unbalanced asymmetric rotor (Kang et al. 2011 ) based on Linear Matrix Inequality (LMI) methods, which improve the robustness to sensor noises and external disturbances. In the same year, Kuseyri et al. developed a multivariable H 1 controller for a rotor-AMB platform with uncertain bearing stiffness and rotor speed (Kuseyri 2011) , which effectively suppressed the rotor vibrations by more than 95%. For applications of AMB systems among industrial rotating machineries, for example, Mushi et al. proposed a systematic identification and model-based control approach for a flexible rotor-AMB system (Mushi et al. 2012) , which typified a small industrial super-critical centrifugal compressor. Fang et al. established an active vibration control system (Fang et al. 2013 ) composed of a notch filter, a feedforward controller and a gain phase modifier for a rotor-AMB system, of which the virtue lies in achieving the minimal vibration force and torque. More recently, researchers have turned to investigating periodical vibrations as well as harmonic displacement of the rotor-AMB system. For instance, Yao et al. proposed an online self-optimizing algorithm by applying an active magnetic exciter to attenuate a rotor's multi-frequency periodic vibration (Yao et al. 2015) . Darbandi et al. developed a method (Darbandi et al. 2015) to mitigate the harmonic vibrations at the synchronous frequency, which guaranteed the stability of the rotor-AMB system by harmonic disturbance compensation.
Nevertheless, to date, few works have addressed input constraints of rotor-AMB systems, which however ubiquitously exist in engineering applications due to the physical limits of the actuators (Cheng et al. 2015) . The technical difficulty lies in the strong coupling between the rotor and the bearings of the rotor subjected to the hard input constraints. Therefore, it is still an urgent and challenging task to develop a niche active vibration controller for constrained rotor-AMB systems. To this end, we turn to seek assistance from the Model Predictive Control (MPC) technique, which has been widely adopted in the manufacturing industry due to its capability in dealing with input constraints, system uncertainties and couplings (Maciejowski 2002) . In the MPC scheme, the plant dynamics are approximated and predicted online by an internal model, and then a receding horizon optimization problem is solved to obtain an optimal input trajectory that minimizes a given performance index (Mayne et al. 2000) . By model prediction, receding horizon optimization and feedback rectification, the MPC technique can be expected to yield an optimal (or suboptimal (Scokaert et al. 1999) at least) control law for machining processes. For example, Zhang et al. developed an MPC strategy to attenuate the chatter effect by enlarging the stable region of the stability lobe diagram. Taka´cs et al. presented a comprehensive experimental comparison of computation timing and damping performance for several MPC approaches (Taka´cs et al. 2014) . Moreover, they analyzed the offline and online computational complexity of active vibration control, which has shown the feasibility of the MPC scheme in vibration control research areas.
We have adopted the dual-mode MPC scheme that originated in Kouvaritakis et al. (2000) . Thereby, we investigate the levitation stablization and the vibration mitigation problem for a complex rotor-AMB system. Compared with the vibration beam control work of (Taka´cs et al. 2014) , which focuses on computational complexity analysis of different MPC algorithms, the contribution of the present work lies in stabilizing an open-loop unstable rotor-AMB system by using a dualmode MPC scheme. It can effectively mitigate vibrations excited by external disturbances, like punches and load variations. Thus, the present MPC method can be expected to pave the way from MPC theory to practical implementation, to rotor-AMB systems.
The remainder of this paper is organized as follows. In Section 2, the experimental rotor-AMB system is introduced, then the internal model is derived. A dual-mode predictive control method is accordingly developed in Section 3. Afterwards, experiments on the experimental rotor-AMB system are conducted in Section 4 to show the effectiveness of the MPC method in stabilizing high-speed rotor-AMB systems. Finally, conclusions are drawn in Section 5.
Throughout this paper, the following notation is used. A vector 2 R m 4 0 ð¼ 0Þ if and only if all of its m entries are positive (equal to zero). Matrices I and 0 represent identity and zero matrices with compatible dimensions, respectively. The notation k*k 2 denotes the Euclidian 2-norm, and the notationÃðk þ ijkÞ indicates the prediction value * at the (k þ i)th step on the basis of the currently available information at the kth step. The symbols ''1'' (''f'') and ''0'' (''0'') denote positive (semi-positive) and negative (semi-negative) definiteness of square matrices, respectively.
Rotor-AMB system

Structure of the rotor-AMB platform
The rotor-AMB platform (Mushi et al. 2012 ) and its control system are given in Figure 1 , with the primary goal of matching the properties of an industrial centrifugal compressor such as the Frame 25 M in Elliott's EDGE product line. Meanwhile, rotor-AMB platforms can also be used in machining processes (Gourc et al. 2011) . The rotor has a length of 1.23 m and a mass of 44.9 kg, which is made of solid steel with four laminated silicon-steel journals at the positions a, d, f and h, where AMBs a and h are both located at the ends while d and f at the mid-span and quarter-span of the rotor, respectively. Conventional deep-groove ball-bearings are used as the backup bearings for support AMBs a and h, each of which is 16-pole heteropolar and laminated 26 gauge M-15 silicon-steel stators, however, the disturbance 
Rotor-AMB system model
The rotor-AMB system model (Mushi et al. 2012 ) is used as the internal model of the MPC scheme. More specifically, since the dynamics coupling is weak between the axial and radial motions, it is assumed for simplicity that they are independent, and hence more attention is focused on the dynamics in the radial direction. Meanwhile, the cross-coupling forces excited by disturbance AMBs are ignored, hence a simplified rotor-AMB structure is provided in Figure 1(b) . Then, the flexible rotor dynamics are approximated by the finite element method (Mushi et al. 2012) , whose model has several high-order modes with negligible small amplitudes. Thus, the model truncation method ) is hereby used to obtain an accurate reduced-order state-space model with two rigid modes and three bending modes. Therein the three bending natural frequencies are 212.7 Hz, 510.9 Hz and 1003 Hz, respectively. Furthermore, a suitable bias current is sought to improve the bias flux linearity by a magnetic reluctance circuit method. As the displacement in the nominal air gap between the stator and the rotor is sufficiently small, the force generated by the support AMBs can be approximated by a linear function of the rotor-stator air gap and the current flowing through the stator windings. Accordingly, the state-space model of the rotor-AMB can be obtained by appending the linearized AMB force model to the aforementioned rotor dynamic model. Tsai et al. provided a similar method (Tsai et al. 2014) to identify the dynamics of rotor-AMB systems. The rotor-AMB control system is shown in Figure 1 . Therein, the rotor vibrations in both x and y directions are detected by the position sensors b and g and then regulated by the signal conditioning part F 2 (including low-pass analog filters and phase-leading filters). Afterwards, the displacement signals are fed into the controller F 1 , where the control signals are yielded and sent to the pulse width modulation (PWM) power amplifiers F 3 driving the support AMBs to generate magnetic forces. By this means, a closed-loop control system is established and the rotor vibrations are mitigated. The corresponding residual dynamics of the PWM power amplifiers, position sensors, filters and sampling components (controller) are introduced to the rotor-AMB dynamic model as well, to get a comprehensive description of the rotor-AMB system. Thereby, the dynamics of the rotor-AMB system is described as
where Figure 1 . The rotor-AMB (Active Magnetic Bearing) system platform (a) and its closed-loop control system structure (b). F 1 : controller and monitor, F 2 : displacement amplifiers and filters, F 3 : pulse width modulation (PWM) amplifiers, F 4 : drive, a, h: support AMBs (marked red, represented by spring-damper structure), b, g: position sensors (marked green), c, e: gyroscopic discs, d, f: disturbance AMBs, x 1 , x 2 and y 1 , y 2 : the x-and y-vibration directions of the rotor.
and where u 2 R 4 is the input perturbation voltage of the coils of the magnetic bearings, x m 2 R 20 , x s 2 R 32 , x a 2 R 12 , x f 2 R 28 are the states of the rotor-AMB, sensors, amplifiers and filters, respectively, and y f 2 R 4 represents the x-and y-directional displacements of the two support AMBs,Â m :¼ ðA m À B 1m K x ½B mag 0Þ is a reduced-order system matrix of the rotor model (Mushi et al. 2012) . Obviously, the order of the overall model in equation (1) is 92. Due to the online computational complexity, it is necessary to reduce the order to facilitate the controller design. Recall that the corresponding residual dynamics of the PWM power amplifiers, position sensors and additional filters are all regarded as time delay with static gain, which is afterwards approached by a fourth-order Pade´series. Thus the resulting order of the states x s , x a and x f is only 16 all together. Bearing in mind that x m 2 R 20 , we use a reduced-order version (Mushi et al. 2012 ) of the system in equation (1) (5) is unstable. Furthermore, equation (5) is neither controllable nor observable, thus pole placement methods are not feasible. Fortunately, it is found that the system in equationm (5) is stabilizable and detectable by the Hautus test (Hautus 1969) , which makes the design of an MPC controller possible.
Dual-mode predictive controller development of the rotor-AMB system
Discretizing the system in equation (5) yields
0001s, and matrices A, B and C given in Appendix 1. There are four eigenvalues of matrix A lying outside the unit circle, and hence the discrete-time system model in equation (6) is unstable as well. Clearly, the plant in equation (6) is a challenging high-order Multi-input Multi-output (MIMO) system. We will hereby propose a dual-mode predictive control strategy to stabilize the rotor-AMB system. Fortunately, it is easily verified that the system in equation (6) is also stabilizable, i.e. there exists a matrix K such that È ¼ A þ BK is Hurwitz. So, the first step of dual-mode predictive controller development is to find an optimal state-feedback matrix K using a Linear Quadratic Regulator (LQR) algorithm such that È is Hurwitz and the cost function
is minimized for some positive-definite weighting matrices Q 2 R m and R 2 R p . In general, one can pick Q ¼ I m and R ¼ I p with > 0 for simplicity.
Due to the detectability of the rotor-AMB system, we design a state observer matrix L 2 R mÂq by the Kalman filter strategy to estimate x(k) as follows 
wherexðkÞ is the estimation of x(k), eðkÞ :¼ xðkÞ ÀxðkÞ is the state estimation error and ¼ A À LC is Hurwitz. Thereafter, the dual-mode predictive controller u can be designed aŝ
whereûðkjkÞ ¼ uðkÞ, b xðkjkÞ ¼xðkÞ, E :¼ ½I p , 0 pÂðMÀ1Þ p , " K :¼ ½K, E, K is an unconstrained optimizer calculated by LQR (see equation (7)),ðkjkÞ ¼ ðkÞ :
is a perturbation vector calculated online,ðkjkÞ is the extended state vector representing extra degrees of design freedom (Zhang et al., 2008; Zhang et al. 2010) , and the operation matrix E denotes that only the first p elements of the predictive vector (k) are applied to the system. The role of (k) is to ensure the feasibility of the control law (9) by alleviating the restrictions on the allowable initial state region. The perturbation term (k) is designed aŝ
and G ¼ I (MÀ1)p . Clearly,ðk þ ijkÞ vanishes to zero in no more than M steps; afterwards the control law naturally switches to an LQR controller u ¼ Kx. That is why the proposed controller is called ''dual-mode''. Next, we will use constrained MPC to guarantee the feasibility and stability of the rotor-AMB system in equation (6) with input constraints. To this end, we first define an invariant set S x forxðkÞ as
where P x is a positive-definite matrix. We consider the following hard input constraint (e.g. physical limitation of each actuator) often encountered in rotor-AMB machining processes as ju j j u with u > 0, j ¼ 1, 2 ,. . . p and u j being the jth element of the input u. Substituting equation (9) into system (8) yieldŝ
In order to evaluate the performance of the system in equation (13), we introduce two more invariant sets S z and S e for the extended statê zðk þ ijkÞ and e(k), respectively, as below S z :¼ fzðkÞjzðkÞ T P z zðkÞ 1g
S e :¼ feðkÞjeðkÞ T P e eðkÞ e 0 g, ð0 5 e 0 5 1Þ ð15Þ
where P z and P e are both positive-definite matrices.
The perturbation termðk þ ijkÞ should be as small as possible to save the control cost, thus it is calculated by solving the following quadratic optimization problem online min ðkÞ JðkÞ ¼ ðkÞ T ðkÞ s:t:ẑðk þ ijkÞ
By virtue of equation (9), the input constraint can be rewritten as
where j ¼ 1, 2, . . . p, u > 0, K j denotes the jth row of K.
On the other hand, since
so the input constraint in equation (17) always holds if
Thereby, to guarantee the stability of the system governed by equations (8) and (9), it is essential to find matrices P z and P e to fulfill the invariance of S z and S e , respectively. To this end, we need three assumptions as below. Assumption 1. The system in equation (8) is stabilizable and detectable, i.e. there exist matrices K and L such that È ¼ A þ BK and ¼ A À LC are both Hurwitz. oe Assumption 2. There exist constants 1 > 0, 2 > 1 and 0 < e 0 < 1 fulfilling 0 < 1 e 0 < 1, and symmetric matrices P e 1 0, P z 1 0, such that T P e À P e 0 0
with Â given in equation (13) Hence, S e and S z are both invariant sets based on Assumption 2. In other words, if e(k þ i)
eðk þ iÞ T T P e eðk þ iÞ eðk þ iÞ T P e eðk þ iÞ 1, i ¼ 0, 1,2, . . . Besides, ifẑðk þ ijkÞ T P zẑ ðk þ ijkÞ 1, we havê with P Ã :¼ P 11 À P 12 P À1 22 P T 12 , which is positive-definite by the Schur complement lemma (Zhang 2006) . When the control law (9) is in mode 2, or (k) ¼ 0, it is obvious that P x ¼ P 11 according to equations (12) and (21). However, when the control law (9) switches to mode 1, or (k) 6 ¼ 0, then P Ã À P 11 0 0 by noting that P 12 and P 22 -1 are both positive-definite, which implies that P x ¼ P 11 1 P Ã . Hence it follows that S x S xM , which implies that S x is enlarged by introducing (k). Therefore, to maximize the invariant set S xM proportional to det detðP À1 Ã Þ, one need only maximize detðP À1 Ã Þ. To this end, P À1 z can be solved by elementary row operations, i.e.
Hence, recall thatxðkÞ ¼ FzðkÞ (see equation (14)),
T , thus one can maximize detðFP À1 z F T Þ instead of maximizing detðP À1 Ã Þ to get the maximum invariant set S xM , which facilitates the parameter design of the controller (9). Now, we are ready to give the main technical result guaranteeing the feasibility of the rotor-AMB control system as below.
Theorem 1. The closed-loop rotor-AMB system governed by equations (6), (8), (9) and (16) is asymptotically stable provided that Assumptions 1, 2 and 3 hold. oe
Proof. According to Assumption 2, if the optimization problem in equation (16) is solvable, then there always exists (k) such thatxðk þ 1Þ 2 S xM (see equation (22)) as long asxðkÞ 2 S xM . By equation (10), at time k þ 1,ðk þ 1jkÞ ¼ HðkÞ provides a feasible choice for (k þ 1). Besides,ðk þ 1jkÞ yields a smaller cost than J(k) asðk þ 1jkÞ
Note thatðk þ 1jkÞ is not necessarily the optimal solution at the (k þ 1)th step. Thus, the cost J*(k þ 1) corresponding to the optimal solution *(k þ 1) calculated at the (k þ 1)th step is even smaller than the cost Jðk þ 1jkÞ corresponding toðk þ 1jkÞ. Thus, one has J Ã ðk þ 1Þ Ĵ ðk þ 1jkÞ J Ã ðkÞ, where the second ''¼'' holds if and only if (k þ 1) ¼ 0, hence the two ''¼''s can not hold simultaneously. Therefore, the optimal cost function J*(k) decreases monotonously with increasing k all along, which can act as a Lyapunov function (Khalil 2012) .
Recall that the dual-mode MPC generates a sequence ofðk þ ijkÞ ¼ Hðk þ i À 1Þ, i ¼ 1, 2, . . . M, which converges to the origin in no more than M steps, so the system states will enter the invariant set S x in no more than M steps. Afterwards the initial LQR control law (9) withðkjkÞ ¼ 0 ensures the asymptotical stability. This completes the proof.
oe The detailed algorithm of the developed dual-mode controller is proposed in Algorithm 1 with the control system structure shown in Figure 2 . The set-point of the rotor displacement r(k) ¼ 0 and hence the dynamics response of the system is activated by non-zero initial displacements or external disturbances. Since the most time-consuming invariant set calculation LMI is calculated offline, the online computation complexity is substantially reduced.
Remark 1. According to extensive experiments, if the control constraint u > 0 is not too small (or too strict), Assumptions 1, 2 and 3 are always feasible. One can adjust the weighting matrices Q and R in equation (7) to balance the control effort and settling time.
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Remark 2. Matrix P z is calculated offline to minimize À log½detðFP À1 z F T Þ by MATLAB toolbox YALMIP (Lofberg 2004) . Meanwhile, the online computation of optimal *(k) is implemented by the convex optimization (CVX) method (Blondel et al. 2008 ) which can be finished quickly to guarantee the successfully updating of the control signal u(k) within one sampling time. Besides, the prediction horizon M can be modulated to balance the region of attraction and the online computational complexity, which will be illustrated in the following experiments.
oe Remark 3. The ellipsoidal invariant set S x is the region of attraction of the controlled system with input constraints. The role of controller in mode 1, i.e. u ¼ Kx þ E is to steer the state x inside the terminal constraint set S x . Once state x enters S x , the controller naturally switches to mode 2, i.e. u ¼ Kx, which asymptotically drives x to the origin. Therefore, if the initial state x 0 is outside S x , one can increase M to enlarge the region of attraction to contain x 0 . In this way, the asymptotical stable region grows larger, which is the improvement of the present dual-mode MPC scheme in equations (9) and (10). oe
Remark 4. The dual-mode MPC algorithm may be suboptimal. That is, the calculation of the optimal * of the quadratic optimization problem (16) may not be finished quickly enough within a sampling period.
In such a situation, all that is needed is to find a suboptimal solution (Scokaert et al. 1999 ) 0 , i.e. 0 , which (a) (b) Figure 3 . The super-ellipsoidal invariant set S xM (see equation (22) Algorithm 1 Dual-mode predictive control algorithm
Offline
Step 1 Calculate the LQR gain matrix K (see equation (9)) and the state observer matrix L (see equation (8)) by the Kalman filter method;
Step 2 Calculate the matrices P e and P z by minimizing À log½detðFP À1 z F T Þ (F is given in equation (14)) such that Assumptions 1, 2 and 3 hold. The calculation is implemented by the YALMIP toolbox.
Online
Step 3 Calculate the optimal *(k) according to equation (16), and then update the control signal u(k) by equation (9); Step 4 Get the state x(k) according to e(k) andxðkÞ, and then feed the control signal u(k) to the rotor-AMB system at the kth step;
Step 5 Repeat Steps 3 and 4 until the statexðkÞ settles to the origin. Figure 2 . Structure of the dual-mode predictive control scheme.
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gives a sufficient reduction in the cost function at each step fulfilling J 0 ðk þ 1Þ Ĵ ðk þ 1jkÞ. With such a suboptimal solution 0 , Theorem 1 still holds while the computational cost is substantially saved. In this sense, feasibility implies stablity. Indeed, from extensive [21, 18, -157, -159] T mm (subfigure (a)) and [-25, -19, -155, -158] T mm (subfigure (b)). Subfigure (c) shows the input and output response of the rotor-AMB system during levitation process under the conventional Linear Quadratic Regulator (LQR) control (M ¼ 0) with the same initial rotor position as subfigure (b). Here, u x1 , u y1 , u x2 , u y2 and y x1 , y y1 , y x2 , y y2 represent the input voltages and the output displacements of the rotor-AMB system in both x and y directions of the two supported AMBs (a and h in Figure 1 ), respectively. It is observed that, due to the large initial deviation, the input constraints u ¼ 0.5 V is activated in all the three cases. 
experiments, the suboptimal solution 0 of the dual-model controller in equation (9) is always obtainable if the input constraints are not too strict. oe
Rotor-AMB system control experiments
In the experiments, the rotor initially contacts the backup bearings, where the air gap between the stator and the rotor is 160 mm. The coordinates of the position sensors and the rotor have been synchronized, so the initial position of the rotor detected by the sensors is resolved in both x and y directions. The input constraint is u ¼ 0.5 V.
To examine the performance of the proposed dualmode MPC scheme, we carried out a rotor levitation experiment with initial positions [x 1 (0), x 2 (0), y 1 (0), 21, 18, -157, -159] T mm. To handle larger deviations often encountered in real applications, especially for the high-speed rotation case with ! ! 3200 r/ min, it is required for the feedback controller to enlarge (or even maximize) the region of attraction S x . To this end, we exhibit the region of attractions S x and S xM of the traditional LQR control (M ¼ 0) and the proposed dual-mode MPC scheme (M ! 1), respectively, in Figure 3 . Note that, since it is hard to plot the entire hyper-ellipsoidal region of attraction in a 36-dimension space, the x 1 -x 2 plane and x 25 -x 26 plane projections of S xM are exhibited in Figure 3 (a) and (b), respectively. Therein, the region of attraction S xM (see equation (22)) expands with increasing M, which verifies the effectiveness of the proposed algorithm. But too-large M will increase the online computational complexity in equation (16), therefore, we pick M ¼ 15 to balance the region size and the online computational complexity. All the other controller parameters are given in Table 1 .
The input-output evolution associated with Figure 3 is shown in Figure 4 (a). Therein, the proposed dual-mode predictive control strategy (9) and (10) stabilizes the initial deviation within 0.1 seconds. The tiny oscillations of the steady-state curve are caused by measurement noises and external disturbances. Here, y x1 and y y1 are the displacements of the rotor in x 1 -and y 1 -directions, respectively, detected by sensor b in Figure 1 . Analogously, y x2 and y y2 are the displacements by sensor g. Significantly, due to the large initial deviation, the input constraint u ¼ 0.5 V is initially activated, and the output still settles down to zero quickly, which shows the feasibility of the proposed controller. Moreover, to examine the generality of the control performance, we changed the initial rotor position to [-25, -19, -155, -158] T mm, and still yield a settling time of less than 0.1 s and a tracking error of AE5 mm.
Next, to compare the performance of the proposed MPC with the conventional LQR method, we carried out a levitation control experiment of LQR as shown in Figure 4 (c). The initial position and settings are the same as Figure 4 (b) . Notably, LQR has a longer setting time (0.15s) and larger steady-state tracking error (AE8 mm). Due to its inferior capability to deal with the input constraints, the input constraint remains activated longer than MPC. To demonstrate the control performance more clearly, we depict the rotor's moving trajectory in ''x -y -t'' space as shown in Figure 5 . Therein, both of the trajectories start from the backup bearings and eventually converge to the central point (0,0) of the rotor. But both the settling time and tracking error of MPC are less than those of LQR, and the superiority of the former is thus verified.
Afterwards, to compare the performance of the LQR and dual-mode MPC schemes in vibration mitigation, which is often encountered in manufacturing machining processes, we introduce a machining loading disturbance Figure 1 ) under the proposed dual-mode Model Predictive Control (MPC) scheme (subfigure (a)) and the conventional Linear Quadratic Regulator (LQR) method (subfigure (b)), respectively. Here, the black circles highlight the initial rotor positions. The oscillations of the curves are caused by measurement noises and external disturbances.
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2 R 4 (a white noise) to the rotor dynamcis (5), i.e.
Note that the matrices A c , B c and C c are the same as equation (5). Initially, the rotor is stabilized by the dual-mode MPC scheme and the conventional LQR controller, respectively. An external random disturbance is introduced 3.02 s later on the rotor, whose magnitude keeps within the air gap of 160 mm. It is observed in Figure 6 that both controllers mitigate the vibrations. But the dual-mode MPC scheme yields shorter setting time (0.02 s vs 0.05 s) and smaller oscillations (AE5 mm vs AE9 mm). Hence, the rotor-AMB system runs in a more stable way with the proposed MPC than LQR. The effectiveness of the MPC for vibration mitigation is thus verified.
Remark 5. Due to the memory and computational time consumption, the calculation of the matrices P z and P e (see equation (15)) are implemented offline in a Dell PowerEdge R920 SERVER with 32 Cores Intel Xeon E7-4820 v2. The average computational time consumption is 12.4s. Meanwhile, the calculation of (t) (see equation (16)) in the MPC law in equation (9) is carried out online in the Texas Instruments C6713B chip, whose average time consumption is 0.072ms. Admittedly, if the optimal (t) cannot be found within a sampling period of 0.1ms, a suboptimal solution for (t), i.e. 0 (t), will be calculated instead to guarantee the stability of the control system.oe
Conclusion
This paper presents a dual-mode predictive controller to stabilize rotor-AMB systems subjected to input constraints and thereby to mitigate the vibrations excited by external disturbances. This method is expected to pave the way from theoretical MPC algorithms to practical implementation for vibration mitigation of rotor-AMB control systems. 
R E T R A C T E D
Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
R E T R A C T E D
